Abstract.-Although long-branch attraction, the incorrect grouping of long lineages in a phylogeny because of systematic error, has been identified as a potential source of error in phylogenetic analysis for almost two decades, no empirical examples of the phenomenon exist. Here, I outline several criteria for identifying long-branch attraction and apply these criteria to 18S ribosomal DNA (rDNA) sequence data for 13 insects. Parsimony and minimum evolution with p distances group the two longest branches together (those leading to Strepsiptera and Diptera). Simulation studies show that the long branches are long enough to attract. When a tree is assumed in which Strepsiptera and Diptera are separated and many data sets are simulated for that tree (using the parameter estimates for that tree for the original data), parsimony analysis of the simulated data consistently groups Strepsiptera and Diptera. Analyses of the 18S rDNA sequences using methods that are less sensitive to the problem of long-branch attraction estimate trees in which the long branches are separate. [Felsenstein zone; insect phylogeny; long-branch attraction; neighbor joining; parsimony.]
Phylogenetic methods can become inconsistent, i.e., converge to an incorrect genealogical tree as more data are added, when the assumptions of the method are severely violated (Felsenstein, 1978; Hendy, and Penny, 1989) . The combination of evolutionary parameters for which a method will provide inconsistent estimates of phylogeny has been termed the Felsenstein zone (Huelsenbeck and Hillis, 1993) . Felsenstein first pointed out that the parsimony method will converge to a phylogenetic estimate in which long branches are linked together when, in reality, the long branches are separated by very short branches, hence the maxim that "long branches attract" (Felsenstein, 1978) . Although inconsistency has been identified through theoretical studies as a potential problem, no convincing examples exist that suggest that inconsistency may be a problem for phylogenetic methods in nature. Carmean and Crespi (1995) suggested that the maximum parsimony method has converged to an incorrect estimate of a Strepsiptera + Diptera (flies) relationship because of the inconsistency problem. Strepsiptera are a moderately speciose group (532 described species; Kathirithamby, 1991) of parasitic insects that have been traditionally placed within Coleoptera (Crowson, 1960 (Crowson, ,1981 Arnett, 1968; Ross et al., 1982) or as the sister taxon of Coleoptera (Kathirithamby, 1991; Kristensen, 1991) . Carmean and Crespi (1995) based their conclusion on the facts that (1) the branches leading to Strepsiptera and Diptera are both very long and (2) the support for this grouping is moderately high according to the bootstrap method. Unfortunately, these criteria for long-branch attraction are weak because they fail to identify whether the branches are long enough to attract each other in a parsimony analysis. According to these criteria, if the longest branches of a tree happen to be linked together, then long-branch attraction or method inconsistency can be invoked. Yet, using these criteria, it is impossible to ascertain whether (1) long branches do, in fact, belong together or whether (2) the long branches should be separated by short branches but were linked together because of long-branch attraction.
I argue that two more tests must be passed before long-branch attraction can be invoked: it should also be shown (1) that the branches are long enough to attract (i.e., if the long branches were separated, that the maximum parsimony method would link them together in the estimated phylogeny) and (2) that a meth- Fitch (1971) optimization. Maximum parsimony estimated 27 trees; each was 364 steps in length, (b) Tree estimated using the maximum likelihood method implemented with the HKY85+r 5 model of DNA substitution (Hasegawa et al., 1985; Yang, 1993) . The log likelihood of this tree is -2822.86, and the maximum likelihood estimates of K and a are 3. 60 and 0.29, respectively. od that is less sensitive to the long-branch attraction problem gives a phylogenetic estimate in which the long branches are separated.
ANALYSIS
I performed additional analyses of the 18S ribosomal DNA (rDNA) data for 13 holometabolous insects. The alignment of 18S rDNA sequences from Carmean and Crespi (1995) was used with the exception that all sites with gaps, missing data, or an ambiguous alignment were removed (GenBank accession numbers: M21017, U06478, U06480, X07801, X57172, X77784, X77785, X77786, Z26765). The alignment is available from http://mw511.biol.berkeley. edu / John / john.html.
Figure la shows a tree estimated by the maximum parsimony method assuming Cercopid Cicada FIGURE 2. Strepsiptera and Diptera grouped together in maximum parsimony analyses even if the lineages were separated in the simulated tree. The number on each branch represents the proportion of the time that a Stepsiptera + Diptera grouping was estimated using parsimony even if Strepsiptera were joined to the branch. The proportions are based on simulated data sets of the same size as the original 18S rDNA data. However, the asymptotic behavior of the maximum parsimony method is to join Stepsiptera and Diptera regardless of where Strepsiptera are placed on the tree. Fitch (1971) optimization. Maximum parsimony estimated 27 trees, each 364 steps in length, of which the tree of Figure la is one. As noted by Carmean and Crespi, the branches leading to Strepsiptera and Diptera (represented by Aedes and Drosophila) are the longest, and the bootstrap support for this grouping is moderately high (80% bootstrap support for the Strepsiptera + Aedes + Drosophila clade; Efron, 1979 Efron, ,1982 Felsenstein, 1985) . The bootstrap support for all but the lacewing + antlion clade on the tree were low (<75%). This tree is similar to the parsimony tree estimated by Carmean and Crespi (1995) . The other 26 equally parsimonious trees (not shown) are similar in that Strepsiptera and Diptera are monophyletic. The best tree for which Strepsiptera and Diptera are not monophyletic is three steps shorter (length = 367 steps) but is significantly different according to an a priori T-PTP test (P < 0.01; Faith, 1991) .
I performed simulation analyses to test whether the branches leading to Strepsiptera and Diptera are long enough to be attracted in a parsimony analysis even if they were separated in the true phylogeny. I simulated data sets in which Strepsiptera were placed on every possible branch of the tree estimated by Carmean and Crespi (Fig. 2) . For each of the 21 possible placements of Strepsiptera, 100 data sets were simulated. Branch lengths and other parameters (transition: transversion parameter, shape parameter of the gamma distribution, equilibrium nucleotide frequencies; see Table 1 for a description of the models used in this study) were estimated for each possible placement using the maximum likelihood method as implemented in FAUP* 4.0d52 (Swofford, 1996) and PAML TABLE 1. Summary of the models of DNA substitution used in this study. The parameters of the models include the equilibrium nucleotide frequency (IT), the transition: transverion rate bias (K), and the shape parameter of the gamma distribution (a). When K = 1.0, there is no transition: transversion bias. The discrete gamma distribution (with x rate categories) is used to model among-site rate variation. When a -°o, the rates at all sites are equal. "E" denotes free parameters that are estimated using maximum likelihood. Hasegawa et al. (1985) ; Yang (1993) (Yang, 1995) , and these parameter estimates were used in the simulations. Data sets of the same size as the original (770 nucleotide sites) were simulated under the HKYSS+I^ model of DNA substitution (Hasegawa et al., 1985; Yang, 1993 Yang, , 1994 on each model tree and analyzed using maximum parsimony. For four of the model trees on which data were simulated, Strepsiptera were five branches away from the long branch leading to Diptera. However, parsimony analysis of these simulated data sets resulted in a StrepsipteraDiptera relationship a high proportion of the time (0.53-1.00) regardless of where Strepsiptera were placed on the simulated trees. It appears that the branches leading to Diptera and Strepsiptera are long enough to attract each other in parsimony analysis.
If the Strepsiptera-Diptera relationship is the spurious result of long-branch attraction, then a method that corrects for the multiple substitutions that occur along long branches should provide an estimate in which the long branches are placed apart. Figure lb shows the tree estimated by maximum likelihood implemented with a HKY85+r 5 model of DNA substitution (this model corrects for multiple substitutions and allows for rate heterogeneity among sites, different equilibrium nucleotide frequencies, and a transition: transversion rate bias; Hasegawa et al., 1985; Yang, 1993 Yang, , 1994 . The parameters of the HKY85+F 5 model (K and a) were estimated for each tree using the likelihood criterion (using PAUP* 4.0d52; Swofford, 1996) . Strepsiptera are not placed as the sister taxon to Diptera in the maximum likelihood tree (Fig. lb) . The phylogeny estimated using the maximum likelihood method not only places the long branches leading to Diptera and Strepsiptera in disparate parts of the tree, but it is consistent with some morphological evidence; Strepsiptera are placed as the sister taxon of the beetles (the meloid and Tenebrio), a relationship supported by morphological features such as posteromotorism (flight using metathoracic wings only; Kristensen, 1991) . However, the bootstrap support for the Strepsiptera-meliod-Tmebno clade is low (46%). Furthermore, the best tree under the constraint of Strepsiptera + Drosophila + Aedes monophyly is not significantly different from the maximum likelihood tree (P = 0.54; Kishino and Hasegawa, 1989 ). The tree estimated using maximum likelihood is insensitive to the model of DNA substitution assumed. The same tree is obtained if the method assumes the Jukes-Cantor (1969; JC69, log L = -2965.93), Kimura (1980; K80, log L = -2916 .39, K = 2.97), Felsenstein (1981; F81 , log L = -2959.07), or Hasegawa et al. (1985; HKY85, log L = -2909.77 , K = 2.92) models. However, the HKY85+F 5 model represents the best fitting model; likelihood ratio tests indicate that adding parameters that account for unequal base composition (IT A , TT C , TT G , TT T ), a transition: trans version bias (K), and gamma distributed rate variation (a) provides a significant improvement in the likelihood score (Goldman, 1993) .
Similar results are obtained if, instead of maximum likelihood, the minimum evolution method (Kidd and Sgaramella-Zonta, 1971 ) is used to estimate phylogeny. The implementation of the minimum evolution method in PAUP* 4.0d52 (Swofford, 1996) was used, and either simple proportion difference distances (p distances) or HKY85+F 5 distances were assumed. Figure 3 shows the trees estimated assuming different distance metrics. Figure 3a shows the tree estimated assuming p distances. This tree places Strepsiptera and Diptera as sister taxa. When the observed proportion differences between taxa are corrected for multiple substitutions, however, two sets of results are obtained. In some cases, trees in which Strepsiptera and Diptera form a monophyletic group are estimated (Fig. 3b) , whereas in other cases, Strepsiptera and Diptera fall out in disparate parts of the tree (Fig. 3c) . Whether a tree consistent with Strepsiptera + Diptera monophyly is estimated depends critically on whether among-site rate heterogeneity is accommodated. When among-site rate variation is not accounted for, a tree with Strepsiptera + Diptera as a monophyletic
FIGURE 3. The trees estimated using the minimum evolution method differ depending on the distance metric used, (a) Tree estimated assuming p distances (tree length = 0.424 expected substitutions per site), (b) Tree estimated assuming HKY85 distance with equal rates for all sites (a = «; tree length = 0.467 expected substitutions per site), (c) Tree estimated assuming HKY85+F 5 distances with a = 0.2 (tree length = 0.720 expected substitutions per site).
group is estimated. However, if among-site rate variation is modeled using a gamma distribution and 0.125 < a < 0.300, then a tree placing Strepsiptera with the beetles is estimated. The maximum likelihood estimate of the gamma shape parameter is a = 0.29, suggesting that a gamma shape parameter value consistent with Strepsiptera + beetle monophyly is best. Not only does the correction for multiple substitutions affect phylogeny estimation, but the type of correction that is applied also is important.
DISCUSSION
Although the results of this study are provocative, it is unknown how robust the result is to addition of more taxa and characters. The addition of more taxa to the branches leading to Diptera and to Strepsiptera would be expected to lessen the effect of the long branches in a parsimony analysis (Huelsenbeck, 1991; Hillis, 1996) , but only if the additional branches are connected to the tree in an optimal way. If, for example, additional strepsipteran taxa all join near the tip of the existing strepsipteran taxon, then long-branch attraction can still be a problem in a parsimony analysis. It is also unknown whether this result is robust to alignment. The 18S rDNA sequence for Strepsiptera is very unusual in that it is very long (3,316 bp; Chalwatzis et al., 1995) . Problems with alignment, however, were minimized by excluding sites with gaps or missing data.
Ribosomal sequences are very popular as phylogenetic markers. Thus, it is interesting, and perhaps informative, that 18S rDNA sequences provide ambiguous results for this insect phylogeny. The 18S rDNA sequence data also provided ambiguous results for the phylogeny of amniotes (mammals, birds, lizards, crocodiles, and turtles; ; for amniotes, the 18S sequences provided a phylogeny that contradicted the phylogeny from five other genes, and the incongruence could not be attributed to sampling error. Although two examples of anomalous results using 18S rDNA does not necessarily indicate that the gene is a poor phylogenetic marker, these results are of concern and should motivate a more general survey of phylogenies estimated using this gene.
This result has important ramifications for phylogenetic studies because it suggests that long-branch attraction is a real phenomenon, not just a theoretical one. The criteria outlined here should allow systematists to identify those cases in SYSTEMATIC BIOLOGY VOL. 46 which parsimony (or other methods) can be expected to have problems with long branches. However, a safer course may be to use methods that are less sensitive to the long-branch problem in the first place, especially if application of the tests proposed here indicates that long-branch attraction is a prevalent problem in nature. 
